Abstract Biomass content and incorporation rates for carbon (C) and phosphorus (P) in microbial plankton in the Bay of Aarhus were investigated during a 1 week period. Samples taken daily at a fixed station, as well as during a diel cycle, allowed comparison of the water masses above, in and below the pycnocline, and in influxes of different water masses. The coupling between the activity of phytoplankton and bacteria was examined by the stoichiometric composition in pools and fluxes. From microscope-based estimates of bacterial C and chemical determination of phosphate in the size fraction 1-0.2 (im, the mean C:P ratio (molar) for bacterial biomass was 78, while the mean OP ratio for incorporation was 96 or 63 from thymidine-and leucine-based estimates of bacterial C production. Thymidine-based estimates of mean bacterial generation time varied from 2.5 to 4.1 days with a minimum in the interface between water of Baltic and Skagerrak origin. These values are in good agreement with P-based generation time estimates. H C measurements of primary production and orthophosphate incorporation into the size fraction >1 jim gave a mean CP ratio of 118, similar to the Redfield ratio (106), but about twice the estimated mean C:P of 52 in protist biomass. The combined methodological concept can be used to examine the simultaneous role of microorganisms in the C and P budgets.
Introduction
A central theme to the discussion of how marine microbial food webs function has been the question of the magnitude of bacterial activity relative to that of phytoplankton. This discussion has been centered around two themes: how much organic carbon (C) is channeled through the heterotrophic bacteria compared to the amount produced by primary production (Cole et ai, 1988) , and what is the role of bacteria as competitors with phytoplankton for inorganic nutrients, primarily nitrogen (N) and phosphorus (P) (Bratbak and Thingstad, 1985; Wheeler and Kirchmann, 1986) . While the roles of phytoplankton and bacteria are opposite in the C cycle as producers and degraders of organic C, they have a parallel role as consumers of the mineral nutrients required to produce new biomass. A particularly simple model for this emerges in terms of P if one accepts the usual assumption that PO 4 esters are not normally transported through the membrane, implying that hydrolysis of dissolved organic compounds occurs outside the cells and P uptake occurs in the form of orthophosphate only (Figure 1 ). The C and P cycles are linked, primarily through the stoichiometric composition of phytoplankton and bacterial biomass, and a parallel determination of the two budgets would in principle provide a very good description of the relative activity of phytoplankton and bacteria. In practice, comparison of the C budgets of phytoplankton and bacteria is a technically intricate process involving techniques for rates such as, for example, primary production determination by determination using thymidine or leucine, and biomass determinations based on either Cxhlorophyll (Chi) conversions, microscopic counts and morphometric measurements, or on particulate organic carbon (POC) determinations, together imposing numerous questions related to incubation procedures, conversion factors, detritus corrections, etc. Determination of relative rates of orthophosphate uptake based on incubation with radioactively labeled orthophosphate and size fractionation has the attractive feature of applying the same, technically relatively simple, methodology for assessing phytoplankton and bacterial activities. Integrated over time, C:P ratios of net uptake rates and biomass composition must be equal. For multispecies phytoplankton communities not limited by mineral nutrients, one would expect this ratio to approach the Redfield ratio (Goldman, 1986) of 106 (molar). In heterotrophic bacteria, a somewhat lower ratio would be expected, due to their higher content of P (Bratbak, 1985; Vadstein et al., 1988; Norland et al., 1995) . Since uptake may be uncoupled from growth, however, both due to phenomena such as differences in light dependency of photosynthesis and mineral nutrient uptake in phytoplankton 'luxury' consumption by starved cells (Parslow et al, 1984) , or skewed biomass composition during growth-limiting conditions (Martinussen and Thingstad, 1987) , C:P ratios in uptake measurements on individual samples may theoretically be far from balanced. During a 1 week study in the Bay of Aarhus, Denmark, we studied the incorporation rates and biomass content of C and P in phytoplankton and bacteria, and their variability in time and depth.
Method

Sampling and analysis
Samples were collected from the research vessel R/V 'Hakon Mosby' in the period 8-14 June, 1992 as it lay anchored at station 4 in the Bay of Aarhus, Denmark (56°09.85'N, 10°20.60'E, Fig. 2 ). Samples were collected with Niskin bottles (30 or 2.5 1) fitted with silicone vacuum tubing as elastic bands. Unless stated otherwise, 'main' samples for detailed biological measurements were collected between 9 and 10 a.m., and treated immediately after collection.
A submersible unit (MAMS, Water Quality Institute, Aarhus, Denmark) measured temperature, oxygen and stimulated in situ fluorescence from chlorophyll, salinity and depth at 6:00,10:00,16:00 and 22:00 h every day.
Standard nutrient analyses were performed on samples collected at 1, 3, 5, 7, 9, 11, 13 and 15 m at 6:00,10:00,16:00 and 22:00 h each day. On the 'main' samples, the sensitivity of the orthophosphate (soluble reactive phosphorus, SRP) analysis was increased by using a 10-fold concentration following the magnesium hydroxide precipitation procedure (Karl and Thien, 1992) .
Total P and dissolved P were determined as orthophosphate on the autoanalyzer after wet oxidation of 10 ml samples or 10 ml of 0.2 jim filtrate by acid persulfate digestion (Koroleff, 1983) in polycarbonate tubes. Dissolved organic P was determined as dissolved P minus SRP. Particulate P in size fractions was determined by serial filtration of samples through 47 mm polycarbonate filters of 1 and 0.2 Jim pore size. The filters were placed in polycarbonate tubes, 10 ml quartzdistilled water added and P determined as above.
Microscopic determination of microbial C and bacterivory
Phytoplankton organisms and colorless flagellates were identified, enumerated and measured using ordinary light, epifluoresence and electron microscopy (EM).
The organisms were assigned to 26 different groups according to their mode of nutrition, motility and taxonomic relationships. According to their mode of nutrition, the microorganisms were classified as obligate heterotrophic (colorless) flagellates, mixotrophic flagellates (in the restricted sense, as a combination of bacterivory and photoautotrophy) and other photoautotrophic organisms. Bacterivory was determined according to Sherr et al. (1987) . Uptake experiments using fluorescently labeled, heat-killed bacteria (FLB) from the same location were carried out using raw water samples from depths of 3,11 and 16 m. Incubations lasted for 20 min and were carried out on deck under dim light conditions at in situ temperature. The final FLB concentration was -30% of the natural bacterial density. FLB samples were fixed with 4% ice-cold glutaraldehyde (EM quality), 1:1 mixture with seawater, to avoid particle egestion, and were filtered onto 0.8 |j,m black Nuclepore polycarbonate membrane filters (diameter 25 mm; Sanders etai, 1989) . FLB uptake was quantified using an epifluoresence microscope equipped with a blue-light filter set. Clearance rates per cell of each bacterivorous group of each sample were calculated from uptake rates of FLB. At least 100 cells (maximum 800 cells) of each bacterivorous group with at least 30 ingested FLB were counted in each sample. Net uptake was determined by subtracting time zero counts. Group and total community bacterivory in each water sample were derived from the per cell clearance rate of each group on FLB, the abundance of flagellates from each bacterivorous group and the bacterial abundance (Havskum and Riemann, 1995) . Ciliate bacterivory is not included in these calculations; however, the biomass of potentially bacterivorous ciliates never exceeded 2% of the protist biomass. Organisms >~8 |xm were identified, measured and enumerated in samples fixed in Lugol's solution, and were viewed under an Olympus inverted microscope (Her Majesty's Stationery Office, 1990) . Organisms <~8 \x.m were identified, measured and enumerated on an Olympus BH2 epifluorescence microscope and on a JEOL JEM-100 SX electron microscope. Whole mounts for EM were prepared as described by Moestrup and Thomsen (1980) and Thomsen (1981) . Samples for epifluoresence microscopy were fixed with 'aldehyde fixative' (20% paraformaldehyde, 15% glucose and 25% glutaraldehyde) in a 1:9 mixture with the seawater.
At least 100 cells or colonies of each of the 26 groups from 3,7,9,11,13 and 16 m depths were enumerated, and 20 of each group in each sample were measured. Cell volume was calculated by assigning the organisms to geometric shapes and by measuring one or two dimensions. For all protists, except diatoms, cell volume = plasma volume. For diatoms, plasma volume = cell volume -vacuole volume (Strathmann, 1967) . Plasma volume (n-m 3 ) was converted to carbon biomass (pg) with a factor 0.13 for thecate dinoflagellates and 0.11 for all other organisms (Mullin et al., 1966; Baltic Marine Environmental Protection Commission-Helsinki Commission, 1988) .
Primary production
Primary production was measured by means of the 14 C technique (Steemann Nielsen, 1952) . Triplicate samples (50 ml) were incubated with 148 kBq (4 jjiCi) NaH l4 CO 2 (International Agency for 14 C Determination, Water Quality Institute, DK-2970 H0rsholm, Denmark) in a light incubator for 2 h at light saturation. After incubation, the samples were serially filtered through a 20 u,m mesh net, a 0.8 u,m Poretics membrane filter (25 mm) and a 0.45 u,m Sartorius membrane filter. The filters were treated with fuming HC1 for 5 min. Ten milliliters of scintillation cocktail were added (Ecoscint, BN Plastic, Denmark) and the radioactivity was assayed in a scintillation counter (Rack-Beta, LKB Vallac) after storage for 24 h in the dark. The measurement of I4 C activity was carried out according to European Norm EN 45001 at the International Agency for I4 C Determination (VIK), which is accredited to this testing by DANAK, the Danish accreditation authority. Release of extracellular organic carbon was measured from 10 ml samples from the 0.45 (xm filtrate, acidified and stored open for 24 h in a hood (Riemann and Jensen, 1991) . Photosynthesis/irradiance curves (0-175% light) were measured from each depth every day, and the primary production (u,g C1"' day') was calculated according to Danish Standard DS 293.
Bacterial production and carbon biomass
Basically, the procedures described by Fuhrman and Azam (1980) and Simon and Azam (1989) were used to determine thymidine and leucine incorporation, respectively.
Thymidine incorporation. Duplicate 10 ml samples were incubated at in situ temperatures for 20 min using 10 nM [ ; New England Nuclear, Boston, USA). Blanks were prepared from samples with buffered formalin added (1% in the final solution). After incubation, samples were filtered through 0.45 u.m Sartorius membrane filters (25 mm diameter, cellulose nitrate) and washed thoroughly with 5% ice-cold trichloroacetic acid (TCA). To calculate cell production from incorporation, a conversion factor of 1.1 x 10" cells mol 1 thymidine incorporated into TCA precipitate was used (Riemann et al., 1987) .
Leucine incorporation. Duplicate samples of 10 ml were incubated at in situ temperatures for 1 h using 50 nM [ l4 C]leucine (11.5 kBq nmol 1 = 0.31 n-Ci nmol" 1 ; Amersham). The treatment of samples and blanks was identical to the thymidine procedure described above. To calculate carbon production from incorporation, moles of leucine incorporated into protein were multiplied by 1792 x 0.86, where 1792 is computed from the mol% of leucine in protein (100/7.3) x 131.2 (formula weight of leucine) and 0.86 is the carbon content of protein (Simon and Azam, 1989) . To correct for isotope dilution, a kinetic approach was applied (Riemann and Azam, 1992) as follows. Triplicate samples, from all three depths in the vertical profile taken on 8,9,11,12 and 13 June, were incubated with additions of [ 14 C]leucine ranging from 1 to 100 nM. Two blanks were prepared for each leucine concentration. The maximum incorporation rates were calculated using a non-linear regression. The ratio between the results obtained from 50 nM additions and the maximum incorporation rates (V^) were used as isotope dilution (van Looij and Riemann, 1993) , and the rates obtained from the 50 nM additions were corrected accordingly. The calculated isotope dilution factor varied between 1.4 and 2.2.
The bacterial carbon biomass was derived from cell counts (Hobbie et al., 1977 ) and measurements of cell volume (Lee and Fuhrman, 1987 ) using a carbon content of 0.35 pg C u-irr 3 (Bj0rnsen, 1986) . A minimum number of 50 cells per filter were measured and the size was calibrated against fluorescent microspheres (Polysciences Inc., Warrington, PA) 0.22-1.0 p.m in diameter.
Size-fractionated orthophosphate uptake
Carrier-free 32 PO 4 was added to 10 ml samples in polyethylene scintillation vials (Zinnsner Analytic gmbh) which in our experience are free of phosphate contamination and do not absorb 32 PO 4 . Samples from above the pycnocline were incubated in running seawater on deck under natural light conditions. Samples in and below the pycnocline were incubated at near in situ temperature in darkness. Incubation times were around 1 h. Before addition, the ^PO, was diluted in sterile, quartz-distilled water and filtered on washed 0.2 \im filters. Label was added to give ~10 6 c.p.m. in the 10 ml sample. Background controls were obtained from samples fixed with 50 u.1 filtered formalin. After incubation, uptake of label was stopped by a cold chase of 0.1 mmol I 1 KH 2 PO 4 and the content of the incubation vials filtered sequentially through 25 mm diameter polycarbonate filters of 1 and 0.2 (jum pore size. The filters were washed with 2 x 2 ml filtered seawater. The Cerenkov radiation from 32 P was counted with 10 ml water as scintillation liquid in a Packard Tri-Carb scintillation counter and all values computed relative to separate counts of the amount of radioactivity added. Quenching curves based on color quenching with Irgalan Black indicated no significant quenching in the samples, and quench correction was omitted.
Isotope dilution curves were determined by adding 25,50,75 and 100 nM (final concentration) cold KH 2 PO 4 to additional subsamples and measuring uptake as above. Linear regression of (fraction of added isotope incorporated per h)~' versus added concentration of cold orthophosphate allowed the estimation for each size fraction of K, + S B (Wright and Hobbie, 1966) , where K t is the half-saturation constant for uptake and 5 n is the natural concentration of 'biologically available' orthophosphate.
Hydrolysis and uptake of 32 P from ATP was determined in 10 ml samples incubated as above with final concentrations of 0.01 nmol I" 1 of [7- ). Uptake was determined as above, liberated orthophosphate after acidification and filtration through active charcoal. Boiled seawater was used to determine blank values.
Chlorophyll
Samples were serially filtered through 47 mm polycarbonate filters (10,5,1 and 0.2 ujn pore size) and extracted overnight in 90% acetone. Fluorescence at 400 nm excitation and 665 nm emission wavelength was measured before and after acidification on a Perkin Elmer LS-5 spectrofluorometer calibrated against Sigma spinach chlorophyll a. Chlorophyll values corrected for pheopigments were used.
Pigment ratios
The pigment ratio (ODJOD^) was determined according to Watson and Osborne (1979) with the following modifications: water samples were filtered through Whatman GF/C (47 mm) and the filters extracted for 18-24 h in 96% ethanol (Jespersen and Christoffersen, 1987) . The pigments were determined spectrophotometrically, and the absorbance readings at 480 and 665 nm corrected for absorbance at 750 nm.
Paniculate C:N Participate C and N were determined from samples collected on Whatman GF/C (11 mm) filters using a field mass spectrometer (Europa Scientific PLC, Crewe, Cheshire CW1 1DD).
Integration over depth and time
Depth-integrated values of orthophosphate uptake and bacterial production were obtained by assuming the measurements at 3,11 and 16 m to be representative of the upper layer, the interphase and the bottom layer, respectively. The thickness of each layer was estimated from the salinity profiles. We assumed that the daily timeintegrated value of orthophosphate uptake and bacterial production were equivalent to values from the morning samplings. These assumptions were evaluated in the study of one diel cycle and one detailed depth profile (see Results).
Results
Hydrography, light and nutrients
A stable pycnocline (ACT, ~ 11.2) separated the upper water mass of mainly Baltic origin (18°C, 14 p.s.u.) from the cold (8°C) underlying water, predominantly originating from the Kattegat and of higher and more variable salinity (22-27 p.s.u.; Figure 3A ). From its original position between 9 and 12 m, the pycnocline shifted slightly upwards from 11 June, ending at 6-10 m as more saline water (>26 p.s.u.) flowed into the bottom layer. It replaced a water body of relatively low salinity (<24 p.s.u.) that had moved into the bottom layer between 8 and 9 June. A slight salinity anomaly in the upper layer around 8 and 9 June indicates the intrusion of new water masses above the pycnocline as well in this period.
Light ( Figure 3C ) was attenuated by 90% over a distance of ~7 m, corresponding to an attenuation coefficient of 0.33 nr 1 and light depth (1% light level) just below the pycnocline, i.e. around 14 m.
The aphotic water mass below the pycnocline was low in oxygen (3-5 g O 2 nr 3 ), while the upper layer was well oxygenated (9-10 g O 2 nr
3 ) ( Figure 3B ). Concentrations of both nitrate ( Figure 3E ) and phosphate ( Figure 3F ) were <0.1 mmol nr 
Day-to-day variation
Carbon. In situ fluorescence from chlorophyll ( Figure 3D ) was about twice as high [up to 25 relative fluorescence units (RFU)] in the pycnocline compared to the layers above (9-13 RFU) and below (11-17 RFU), a pattern also reflected in the chlorophyll measurements (Figure 4) . In all samples, the chlorophyll was mainly contained in the size fractions 1-5 and >10 \im, with small amounts in the intermediate (5-10 (im) and the smallest (1-0.2 \im) size fractions ( Figure 4 ). The maximum Chla-normalized photosynthetic rate, P m (Figure 4 ), decreased with depth and was dominated by the size fraction between 20 and 0.8 u,m; a significant part of the photosynthesis was also found in the dissolved (<0.45 \im) fraction. There was a high proportion of mixotrophic organisms in the upper layer, and an increasing dominance of obligate heterotrophs in and below the pycnocline ( Figure 5 ). The photosynthetic rate ( Figure 6A ) was high in the upper layer in the period around , and bacterial numbers from 5.85 to 22.7 x 10 3 ml"'. The correlation between cell number and mean cell volume was low (r = 0.22), but the larger variation in cell numbers than in cell size led to a biomass distribution roughly similar to the distribution in cell numbers (data not shown). The ranges of bacterial production estimated on the basis of incorporation of thymidine (3.9-24.7 u.g C 1 Ir 1 ) and leucine (0.5-16.5 mg C nr 3 Ir 1 ) were comparable. The patterns of spatial and temporal variability ( Figure 6B and C) were, however, different. High values for leucine incorporation coincided with the influx of new water masses in the upper layer around 9 June, while high values for thymidine incorporation were associated with the pycnocline where peak values were found around 11 June. As a whole, the estimates based on leucine and thymidine incorporation have a low (r = 0.45), although statistically significant (5% level) correlation (Table I) . Looking at each of the investigated depths separately, however, the data for both 3 and llm depth seem to cluster along straight lines, with much higher significant correlations (Table I, Figure 7 ) than for the pooled set of data, indicating a different relationship between leucine and thymidine incorporation in the water masses. The lower and statistically not significant correlation between the two measurements in the deep layer may have been caused by the seemingly larger variability in advected water masses in this layer.
Primary production integrated over the water column (Figure 8 ) decreased monotonically from a maximum of 1.2 g C nr 2 day 1 on 10 June to a minimum of 0.25 g C nr 2 day 1 on the last day of investigation, 14 June. For both thymidine and leucine estimates, bacterial production integrated over the water column had a maximum at around the middle of the period. The ratio of bacterial to primary production estimates, based on leucine and thymidine, respectively, increased from 1 to 18% on 8 June to 52 and 67% on 14 June. Assuming 50% efficiency for DP sfoichlometry bacterial incorporation of C, the estimates of bacterial consumption of organic C thus exceed the estimated primary production in the latter part of the investigation period. Smoothing out the variability by looking at means over both time and depth, bacterial C production constituted 20 and 32% of primary production when Tot. bocterial production from leucine (/xgCI ) estimated by leucine and thymidine incorporation, respectively, i.e. a bacterial C consumption of 40 or 64% of primary production.
Phosphorus. The total concentrations of P increased from -0.8 mmol P irr 3 at 3 m to ~2 mmol P nr 3 at 16 mm depth ( Figure 9 , Table II) . At all depths, but particularly in the 3 m samples, the predominating pool of P was as dissolved organic P (DOP) ( Table II) . Particulate-P concentrations ranged from 0.15 to 0.38 mmol P nr 3 with slightly higher values in the pycnocline. The size fraction 1-0.2 u,m constituted a relatively constant fraction of the particulate P (21 ± 6% for all data).
From 49 to 87% of the orthophosphate uptake was in the >1 n,m fraction, suggesting that phytoplankton dominated the orthophosphate consumption ( Figure  10A ). Turnover times for orthophosphate were relatively long, from 46 to 860 h, generally increasing from the pycnocline and downwards, and also tended to increase through the period of investigation in the upper layer ( Figure 10B ). Assuming our SRP values to represent biologically available orthophosphate, uptake rates from 0.56 to 1.77 and 0.12 to 1.86 jimol nr 3 h" 1 were calculated for the >1 and 1-0.2 u.m fractions, respectively ( Figure 10C and D) . For both fractions, uptake was dominated by high values in the pycnocline at the beginning of the investigation period. Integrating the orthophosphate uptake over depth gave a minimum in uptake for both size fractions in the middle of the investigation period (Figure 11) .
A more detailed depth profile of bacterial production and orthophosphate uptake was investigated on 11 June, at 15:00 h (Figure 13 ). From this, it is clear that the use of 3 and llm samples as representative for the upper layer and the pycnocline lowers the precision of the integrated values. If these profiles are representative for the whole period of investigation, our integrated values for orthophosphate in the size fraction 1-0.2 u.m in the upper layer are ~25% too high.
Diel variations
Since imbalance in the C:P consumption of both phytoplankton and bacteria may be related to diel light cycles ( Figure 12A ), a diel study was undertaken. Variations in bacterial C production were found, particularly for the leucine-based estimates ( Figure 12B ), although with no obvious diel pattern. The distribution of orthophosphate between the two size fractions shifted with high dominance of the >1 \isn fraction in the afternoon and evening samples ( Figure 12C ).
C:P ratios
Biomass of C was obtained by light and fluorescence microscopy measurements, while particulate P was obtained chemically in size fractions. The size fractionation seemed to function reasonably well for phytoplankton and bacteria since little chlorophyll ( Figure 4 ; mean 3 ± 1, 7 ± 9 and 5 ± 4% for 3,11 and 16 m, respectively), but most of the bacteria (93 ± 3, 94 ± 1 and 84 ± 4% for 3,11 and 16 m, respectively) passed the 1 u,m filter. If detrital P is unimportant, one might reasonably use the particulate P in the size fractions >1 and 1-0.2 u,m, respectively, as estimates of protist P and bacterial P. Mean C:P ratios using this approach were 52 ± 19 and 78 ± 29 (mean ± SD) for protists and bacteria, respectively. Mean C:P for all data pooled was 65. There was no obvious variation with depth in the biomass C:P ratios ( Figure 14A ). Comparing particulate primary production and orthophosphate uptake in the >1 jim fraction, molar C:P ratios of 767 ± 370 and 24 ± 17 (means ± SD) were found for 3 and llm samples, respectively (no measurable primary production at 16 m). Compared to the Redfield ratio of 106, values thus seem to be skewed towards high relative C uptake in the upper layer and high relative P uptake in the pycnocline ( Figure 14B ). Integration over time and depth gives a molar C:P ratio of 204 (Table III) for total (dissolved and particulate) primary production. As a mean for all samples 42% of total primary production was found in the <0.45 u.m filtrate. The corresponding C:P ratio for uptake into the particulate fraction thus becomes 118, close to the Redfield ratio. Assigning all uptake in the 1-0.2 u.m fraction to bacteria, the corresponding mean C:P values for biomass production (Table III) were 96 and 63 from thymidine-and leucine-based production estimates, respectively. There was no obvious difference in the C:P ratios of bacterial incorporation between depths (Figure 14) .
Discussion
We have been looking at the C and P in biomass and in incorporation in a system with two main water masses: an upper, low-nutrient, photic layer and a lower, From laboratory work, one would expect both phytoplankton (Sakshaug and Olsen, 1986) and bacterial (Goldman etal., 1987) biomass composition to vary with growth conditions. In the present system, both phosphate and nitrate levels were low in the upper layer. Judging from the long turnover time of orthophosphate (minimum 46 h) reported here, in combination with negligible activity of alkaline phosphatase and no significant luxury consumption of orthophosphate in any of the two size fractions [data not shown; methods as described by Thingstad et al. (1993) ], P limitation seems unlikely for the growth of either phytoplankton or bacteria in this system. A high pigment ratio (OD^OD^) that decreased with depth supports the idea of a possible N limitation in the upper part of the water column. C:N ratios in paniculate material well above the Redfield ratio of 6.63 (Table IV) DP stoichiometry Table III . Mean ratios (molar) of integrated carbon production estimates to orthophosphate uptake rates: total primary production and paniculate primary production versus orthophosphate uptake in the >1 p.m size fraction, and bacterial production estimated by thymidine and leucine incorporation versus orthophosphate uptake in the 1-0.2 jim size fraction C:P (molar) Integrated total primary production:algal P uptake 204 Paniculate PP (total <0.45 ujn):algal P uptake (>1 u.m) 118 BP (thymidine):bacterial P uptake (1-0.2 |im) 96 BP (leucine):bacterial P uptake (1-0.2 ujn) 63 also indicate N limitation, but these data show little variation with depth. With the 1% light level situated just below the pycnocline, light was presumably limiting phytoplankton growth in the lower layer. Whether bacterial growth was limited by N or by C energy is not known. Our estimate for mean bacterial biomass C:P of 78 fits well with published observations of bacterial biomass being enriched in P relative to the Redfield ratio (Bratbak, 1985; Vadstein et al., 1988; Norland et al., 1995) . This value is also consistent with the C:P ratios of 96 and 63 estimated for bacterial biomass production from thymidine-and leucine-based production values, respectively. With this consistency, generation time estimates [(biomass/incorporation rate) x ln(2)] based on C and P become nearly equal (Table V) . In the mean, generation time estimates were lower in the pycnocline (mean 2.5 days) than in the upper (3.4 days) and lower layer (4.1 days), suggesting rather slow bacterial growth, slightly enhanced in the interface between the two layers. Interestingly, the thymidine-and leucinebased estimates of bacterial C production seemed to be different in each of the two layers as well as in the interphase. The reasons for these differences are not known since we were not able to differentiate between periods with unbalanced growth (Chin-Leo and Kirchmann, 1990) or methodological and analytical problems with both leucine and thymidine.
Phytoplankton growing without nutrient limitation have been shown to have an elemental composition which on average is close to the Redfield ratio (C:P = 106:1 molar) (Goldman, 1986) . With a mean C:P ratio of 52 for protist biomass, our estimates deviated from expectations on this point. A low value may be caused by an underestimate of C and/or an overestimate of P. An independent evaluation of the microscope-based C estimates for the photoautotrophic (including mixotrophic) protists may be attempted by comparison with the extracted chlorophyll a. This gives mean C:Chl (w:w) values of 78,43 and 28 for the 3,11 and 16 m depths, respectively. Laws et al. (1985) have presented a model with C:Chl around 50 for balanced growth, increasing under nutrient limitation and decreasing under light limitation. The calculated C:Chl value is thus not in opposition to our assumption of N limitation in the upper layer and light limitation in the lower layer, and does not indicate major errors in the microscope-based C estimates of protist biomass. The other possible error is that the >1 \im fraction contains detrital P. This would not fit with evidence from X-ray microanalysis (Olsen et al., 1986) or from regression of particulate P against ATP (Sakshaug, 1978) , both of which suggest that there is little detrital P in the particulate fraction. If the absence of detrital P in the particulate fraction is also valid in the system investigated here, the skewed C:P ratio in protist biomass must either be caused by a particular species composition of the protist community or by a physiological response with preferential increase in biomass P over biomass C under the prevailing conditions. A direct comparison with literature values for phytoplankton C:P ratios may also be invalid for the protist community in question, with its relatively high content of mixotrophs and obligate heterotrophs. For the incorporation based on particulate primary production and orthophosphate uptake in the size fraction >1 u.m, mean values integrated over depth and time gave a C:P ratio of 118, reasonably in agreement with the Redfield ratio, while comparison at individual depths gave very variable results mainly caused by the decrease in photosynthesis with depth. In the deep layer, an increased retention of bacteria by the 1 (xm filter may also have contributed to an overestimation of the phytoplankton part of the orthophosphate uptake. In computing the mean C:P values, only the samples collected in the morning have been taken into account. The diel shift in balance between bacterial and phytoplankton uptake indicated in Figure 12 could be used to argue for a slight increase in the estimates of integrated phytoplankton orthophosphate uptake. This would improve the harmony between uptake and biomass C:P ratios. With the large variability with depth in the ratio for incorporation in phytoplankton, there was little correspondence between C-and P-based generation time estimates for the phytoplankton fraction (Table V) .
With a mean of 42% of the primary production found in the dissolved fraction and mean bacterial consumption estimated at 40% of primary production, phytoplankton excretion may account for the supply of organic C to the heterotrophic bacteria in our study. The dominant primary production of dissolved organic carbon (DOC) was, however, in the top of the water column, while thymidine-based bacterial production peaked in the pycnocline (Figure 13 ). Such a pattern may be speculated to be caused by N limitation of the bacteria, promoting bacterial production in the frontal zone between water masses containing available C and available N sources, but our program did not include measurements allowing us to exclude the possibility of other DOC-producing mechanisms occurring in the pycnocline. The distribution of orthophosphate between size fractions suggests a comparable role of phytoplankton and bacteria in orthophosphate uptake in this system where orthophosphate turnover times were relatively long. Qualitatively, this is in agreement with the observation of Thingstad el al. (1993) that extreme bacterial dominance of the orthophosphate uptake is a characteristic of systems with much shorter orthophosphate turnover times.
The different patterns seen in time and space for the different biomass and incorporation measurements indicate that processes are unbalanced relative to each other, and that balanced C:P ratios only can be obtained from integration. The correct ranges for such an integration are, however, not easily decided in a system like this. It is difficult to assess how representative the water masses advected during the period of investigation were for water masses in this area. It may also be questionable to take means over a water column containing two such different masses as the upper and lower layer in this investigation. Integration over the column would be meaningful if mixing and migration allow phytoplankton C assimilation at shallow depths and P assimilation in deeper layers. In the system we have studied, mixing between the two layers must, however, have been restricted by the steep pycnocline.
The relative consistency of results for uptake and biomass in the bacterial size fraction may in principle be due to a cancelling out of errors. Certain factors in the orthophosphate uptake rate measurements as given here may contribute to both under-and overestimation of total P uptake. Underestimation would occur if there are other sources of P uptake such as phagotrophy in mixotrophic algae or cellbound enzyme systems coupling hydrolysis of dissolved organic P with PO 4 uptake, not releasing the liberated PO 4 to the common pool of bioavailable orthophosphate. An overestimation of uptake rates would be expected from the commonly observed (e.g. Smith et al., 1985; Thingstad et al., 1993) phenomenon that the chemical measurements of SRP may overestimate biologically available orthophosphate, and thus also the orthophosphate uptake rates when computed, as here, from the ratio between this concentration and the turnover time obtained from the isotope experiments. If predation on bacteria made a significant contribution to algal nutrition, our approach may underestimate incorporation rates for both C and P, but potentially also bias the estimated C:P ratio of incorporation. In fact, mixotrophic flagellates accounted for 49% of the biomass of the photoautotrophs and their grazing on bacteria corresponded to 86% of the bacterial mortality in the top layer (Havskum and Riemann, 1995) . Even though bacteria would be expected to provide a P-rich diet, part of the P content of bacteria may not be easily digestible (Turk et al., 1992) . The effect of bacterial predation on the C:P ratio of uptake of dissolved nutrients in mixotrophs is therefore unknown. An indication of the possible role of direct uptake of P from cell-bound hydrolysis was obtained from samples incubated with added [-y-^PjATP (Table VI) . We found 52-68% of the label from hydrolyzed ATP to be liberated as free orthophosphate. If this were representative for the hydrolysis of organic P, a minimum of about 273 of the P uptake would thus occur via the pool of free orthophosphate, more if there were other sources of orthophosphate such as, for example, direct orthophosphate excretion from zooplankters. Since the distribution of label taken up from [-y-32 P]ATP was shifted towards the bacterial size fraction (Table VI) , uptake linked to cell-bound hydrolysis seems to have been more dominating in bacteria than in phytoplankton. Concerning the question of biologically available orthophosphate, the smallest value for the combined parameter K y + S n obtained in isotope dilution experiments was found for the size fraction 1-0.2 u,m. Assuming a negligible value for the half-saturation constant of bacterial orthophosphate uptake (K t ), this represents an upper estimate for biologically available orthophosphate. Comparing these with the chemically measured SRP values (Table VII) , we found the two values to be of the same order of magnitude, thus not providing clear evidence of SRP consistently overestimating biologically available orthophosphate in this system.
Previous studies on microbial element cycling most often include single compounds like either C (e.g. Christoffersen et al., 1990 Christoffersen et al., ,1993 Riemann et al., 1990) or phosphorus (Thingstad et al., 1993) . In this study, both C and P pools and fluxes were integrated over time for the entire water column. Many of the results presented and conclusions reached rely on sets of conversion factors inherent in the techniques. We have argued for our choice of conversion factors and advocate that we can do no better today. While we believe that our choices do not invalidate the main conclusions, the consequence is an unknown accuracy.
In conclusion, the technically relatively simple and direct method of orthophosphate uptake measurement gave estimates of bacterial and algal activity comparable to the more involved methods based on C metabolism. Apart from a protist biomass C:P ratio ~50% below both the Redfield ratio and below the estimated 
